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Summary

This and the following report discuss initial experi-

ments conducted on thermal barrier coatings prepared in

the newly upgraded research plasma spray facility and the

burner rig test facilities. Part I discusses experiments

which establish the spray parameters for three baseline

zirconia-yttria coatings. The quality of five similar coat-

ing lots was judged primarily by their responses to burner

rig exposure supplemented by data from other sources

such as specimen characterizations and thermal diffusivity

measurements. This study showed (after allowing for

burner rig variability) that, although there appears to be

an optimum density (i.e., optimum microstructure) for

maximum burner rig life, the distribution tends to be
rather broad about the maximum. In Part II, new hafnia-

yttria-based coatings were evaluated against both baseline

and alternate zirconia-yttria coatings. The hafnia-yttria

coatings and the zirconia-yttria coatings that were pre-

pared by an alternate powder vendor were very sensitive

to plasma spray parameters in that high-quality coatings

were only obtained when certain parameters were em-

ployed. The reasons for this important observation are not
understood. Also not understood is that the first of two

replicate specimens sprayed for Part I consistently per-

formed better than the second specimen. In Part II, this

spray order effect was not observed, possibly because a
chiller was installed in the torch cooling water circuit.

Also, large changes in coating density were observed after

we switched to a new lot of electrodes. Analyses of these

findings were made possible, in part, because of the

development of a sensitive density measurement tech-
nique described herein in detail.

The measured thermal diffusivities did not display, the

expected strong relationship with porosity. This surpris-

ing result was believed to have been caused by increased

microcracking of the denser coatings on the stainless steel
substrates.

Introduction

This report discusses the initial investigations con-

ducted after the plasma spray and burner rig test facilities

at the NASA Lewis Research Center were upgraded. The

equipment, personnel, and organizational structure are all

different from those reported in most prior NASA Lewis

publications. (One exception is the study reported by

Brindley and Miller (1990) in that their work was started

at the beginning of the transitional period.) Now in use in

both atmospheric and low-pressure environments are new

plasma spray torches that are robotically controlled rather

than hand held. Closed-loop powder feeders, noncontact

thickness monitoring, and pyrometric monitoring of specimen

surface temperatures are now also used. A new burner rig

laboratory and new approaches to testing are other changes.

As a result of the upgrading, especially changes involv-

ing automation and plasma spray torches, new operating

procedures had to be devised. Thus, this report discusses

the progress to date with respect to a variety of charac-

terization methods, burner rig durability testing, and sta-

tistical error analysis. Suggestions are made for future

work that will utilize what is learned about conducting

effective thermal barrier coating (TBC) research in these

new facilities. This study, in addressing the foregoing

topics, raised as many questions as were answered.

Experimental Procedure

Five lots of zirconia-yttria (ZrO2-Y203) powder were

compared in this study. All were prepared by the same
vendor and were similar in nominal composition: yttria

was in the 6 to 9 wt% partially stabilized range.

Specimens for thermal diffusivity and density measure-

ments were grit-blasted, flat stainless steel substrates,

nominally 1.3 by 5.1 by 0.16 cm (0.5 by 2 by 0.06 in.) with

ceramic sprayed to a thickness of approximately 0.05 cm

(0.02 in.). The burner rig durability specimens were solid

Waspaloy cylinders, 1.3 cm (0.5 in.) in diameter, coated

over a 10-cm (4-in.) length with about 0.013 cm (0.005

in.) of low-pressure, plasma-sprayed -325 mesh nickel

(Ni) -35% chromium (Cr) -5% aluminum (AI) -1%

yttrium (Y) (or ytterbium (Yb)) bond coat. The cylinder

was then coated with 0.025 cm (0.010 in.) of atmospheric

pressure, plasma-sprayed zirconia-yttria ceramic.

The plasma spray torch used to prepare the ceramic
coatings was an Electro-Plasma Incorporated (EPI) model

03CP plasma generator with a 03CA-027 cathode and a

03CA-167 anode. An external injection powder port was

affixed to the torch. The powder was delivered through a

closed-loop hopper. The power supply was two 40-kW



rectifiers.Gasflow ratesweremonitoredby massflow
controllers.Therobotwasacomputer-controlled,six-axis
dcservoarticulatedarm.

Thearcgasusedtospraytheceramiccoatingswasargon
(Ar)witheither20or40percenthelium(He)secondaryarc
gas.Thetotalarcgasflowwas24SLPM(standardliters
perminute)or51SCFH(standardcubicfeetperhour).The
powdercarriergaswasargonatflowratesbetween1.5and
6.0SLPM(3.2and12.7SCFH).Additionalargon,witha
flow rateequalto thatof thepowdercarriergas,was
allowedto flow throughaninternalinjectionport in the
nozzle.(Thisportisusedforairplasmasprayingofmetals.
Theargonflowwasintendedto providesomecoolingto
thenozzlealthoughitseffectivenesswasnotstudied.)The
powderwasinjectedexternallyat 15or 20g/rain(0.033
or 0.044lbm/min)to yieldabout0.0025cm(0.001in.)
of depositperpass.Thecoatingthicknesswasmonitored
byusingahigh-resolutionvideocameraandwidthanalyzer
(Miller, 1988).The specimensurfacetemperaturewas
monitoredbyusinganinfraredpyrometer.Coolingairwas
appliedtothefrontsurfaceofthespecimensbetweeneach
passuntil the surfacetemperaturedroppedto 200°C
(400°F).Thetraversespeedwas10.0cm/sec(4.0in./sec).

ThebondcoatswereappliedwithanEP103CK,120-kW
plasmageneratorwitha03CA-82cathodeanda03CA-
132anodemodifiedtoa1.27-cm(0.5-in.)nozzlediameter.
Theprimaryarcgaswasargonat50SLPM(105SCFH),
andtheauxiliaryarcgaswasa mixtureof argon-3.8%
hydrogen(H2)at29SLPM(62SCFH).Thepowdercarrier
gaswasargonataflow rateof 10SLPM(22SCFH)and
apowderfeedrateof 59g/min(0.13lb/min).Thepower
levelfor thisportionof thestudywas65kW at 1300A;
thereversetransferarcpowerwas1.5kW;thetankpres-
surewas3800Pa(28.5torr);andthestandoffdistancewas
40.9cm(16.1in.).Thepartwasrotatedat60rpmandthe
traversespeedwas152cm/sec(60in./sec).

Thethermaldiffusivitiesof selectedspecimenswere
measuredbyusingtheflashdiffusivitytechnique.Theheat
capacitywasmeasuredbyusingdifferentialscanningcalo-
rimetry(Taylor,1982).Thesetwo propertiesplus the
NASA-supplieddensitieswerethenusedtocalculatether-
malconductivity.

BulkdensitiesweremeasuredbythemercuryArchimedes
method,whichisdescribedin theappendix.Theporosity
wastakenas100minusthepercentof theoreticaldensity.
Thetheoreticaldensityof thezirconia-yttriacoatingwas
takenas5.73g/cc(0.207lbm/in.3)(VanRoodeandBeardsley,
1988). Roughnessesweremeasuredwitha commercial
diamondstylusprofilometerusinga 0.08-cm(0.03-in.)
cutoff(AmericanNationalStandardsInstitute/American
Societyof MechanicalEngineers,1986).Severalspeci-
menswerealsoanalyzedbyx-raydiffraction,whichwas
restrictedtoscansofthe(111)and(400)regionstoprovide
a semiquantitativephaseanalysis(Miller et al., 1981;
Miller et al.,1983).

Thetwoburnerrigs,similartothosedescribedbyHodge
et al., 1978,burnedJP5jet fuel and260 °C (500°F)
preheatedairatacombustorpressureof 6890Pa(1psig).
Theexhaustgasesexitedthecombustorthroughanozzle
andwereacceleratedtoMach0.3.A rotatingcarouselwith
fourcoated,solidcylindricalspecimenswasplacedafew
centimetersfromthenozzlefor 6minduringtheheating
cycle.

Results and Discussion

Spray Powder Characterization

The five lots of zirconia-yttria powder compared in this

portion of the study consisted of

(1) AI: prepared in 1985 according to NASA

specifications

(2) A2: a 1988 off-the-shelf purchase

(3) A3: lot A2 with a portion of the fine particles

removed by the vendor

(4) A4: lot A2 with coarse particles removed

(5) A5: a 1989 off-the-shelf sample

The goals of this portion of the study were to establish

baseline coatings and to investigate the responses of five

similar starting materials to processing and evaluation.
Chemistries and particle size distributions for the powder

lots.--In this section the chemical and particle size analyses

of the starting powders are reported. Both sets of measurements

were performed at NASA and by the vendor.
Chemical analyses of lots A1 to A3 and A5: Table I gives

the levels of zirconia, yttria, hafnia, and six trace impuri-

ties according to analyses done by both the vendor and

analysts at the NASA Lewis Research Center. In the case

of lot A2, the analysis was repeated at various times. The

NASA analyses were usually done by x-ray fluorescence

except where noted. All the NASA results represent the

average of at least three replicates. (Precision among the

three replicates tended to be excellent.) An inspection of

the table reveals that the analyses of yttria by both NASA
and the vendor and between NASA measurements on vari-

ous dates was consistent. However, considerable variabil-

ity in two of the minor constituents (iron oxide and silica)
was noted. Whether this error is caused by the analysis,

such as in the preparation of standards, or is the result of

actual variations in the powder lots is presently unknown.

It should be noted that standard procedures for selecting

powder samples (Allen, 1974) were not followed and that
this could have contributed to the observed variations.

Particle size distributions for lots A1 to A5: Table II

gives the cumulative particle size distributions for lots A1

to A5. All lots, except A4, were measured at NASA Lewis

by using standard sieves. The distribution for lot A4 was
not measured but instead was estimated from the -200

portion of lot A2. All five lots had the majority of the



TABLE I.---CHEMICAL ANALYSIS BY X-RAY FLUORESCENCE SPECTROMETRY OF LOTS

A1 TO A3 AND A5 a

[Values obtained by NASA analyses represent the average of at least three replicates.]

Lot Analysis

Zirconia Yttria Hafnia

A1 Vendor Bal

NASA

(3/85)

Composition, wt %

Alumina Calcia Iron Silica Titania Magnesia

oxide

b6-1/2 .... 0.02 0,14 0.06 0.09 0,06 0.02

6.79 1.81 c.4 c.1 c.005 c.43 c.03 c.01

A2 Vendor Bal 8.34 1.65 0.06 0.19 0.15 0.20 0.06 0.05

NASA 8.44 1.74 .08 .22 .04 .19 .06

(11/88)

NASA

(1/81)

8,47 1,74 .02 .17 .12 ,22 .07

NASA 8.44 1.72 .07 .20 .39 .40

(3/91)

NASA 8.37 1.81 .03 .18 .07 .38 .06 <.5

(7/91)

A3 Vendor Bal 7.85 1.84 0.12 0.18 0.11 0,33 0.06 0.03

NASA 8.41 1.79 ,03 .18 .07 .37 .06 <.5

(7/91)

A5 Vendor Bal 7.78 1.69 0.09 0,019 .13 .23 .08 .02

aLol A4 assumed to b¢ the same as lot A2.

hAs reported by the vendor.

CNASA analysis by flame atomic absorplion spectrometry.

TABLE II.---CUMULATIVE PARTICLE SIZE DISTRIBUTION

FOR LOTS A1 TO A5

Particle size range Cumulative particle distribution,

percent

LotSieve size ixm

-325 -44

-270/+325 -53/+44

-230/+270 -62/+53

-200/+230 -74/+62

-170/+200 -88/+74

- 140/170 - 105/+88

A1 A2 A3 A4 A5

9.4 18,1 5,6 20,7 13.6

27,3 36.9 25.5 42.3 31.9

52.2 61.2 54,2 70.1 59.3

83.9 87,3 85,5 100.0 87.0

98.6 99.5 99.2 100.0 98.2

99.3 99.9 99.8 100.0 99.7

powder in the range -200/+325 (-74/+44 _m) with be-
tween 0 and 0.7 wt% above 200 mesh and between 5.6 and
20.7 wt% below 325 mesh.

The sieve analyses at NASA compared well with the

vendor-supplied analyses. Limited attempts to measure

particle size distribution by the methods of electrical sens-
ing zone and laser light scattering yielded distributions that

were shifted to larger particle sizes. Thus, it may be advis-

able to use caution when comparing sieve analysis data to
automated data.



TABLE IIL--PROCESSING PARAMETERS AND SPECIMEN PROPERTIES

,ot Parameter Electrode Roughness, b Ra, Standard Density, c

set a set p,m (_in.) error, percent

p,m (Izin.) theoretical

_1 45/20/3 2 10.4 (411) 0.41 (16) 90.2

55/20/3 10.1 (399) .30 (12) 95.0

40/40/3 10.3 (407) .51 (20) 95.0

40/40/4 9.8 (384) .20 (8) 95.7

40/40/5 9.5 (373) .36 (14) 95.8

k2 45/20/2 1 13.8 (542) 0.48 (19) 82.8

45/20/3 12.7 (501) .46 (18) 84.4

45/20/4 11.7 (460) .38 (15) 86.1

45/20/5 12.3 (486) .30 (12) 87.9

55/20/2 12.3 (486) .51 (20) 89.9

55/20/3 11.5 (451) .46 (18) 91.0

55/20/4 11.0 (433) .30 (12) 90.9

55/20/5 10.6 (417) .51 (20) 90.2

40/40/1.5 13.2 (520) .66 (26) 86.2

40/40/2.5 12.0 (471) .58 (23) 86.3

40/40/2.5 11.2 (439) .51 (20) 88.3

40/40/3 11.2 (441) .48 (19) 88.4

40/40/4 11.7 (461) .46 (18) 89.6

40/40/3 2 11.7 (460) 0.51 (20) 92.5

40/40/4 11.4 (448) .41 (16) 94.0

40/40/5 10.7 (420) .43 (17) 93.6

40/40/3 11.3 (445) .48 (19) 92.3

40/40/4 11.0 (434) .30 (12) 93.4

40/40/5 10.6 (416) .33 (13) 93.3

45/40/4 10.4 (409) .28 (11) 94.7

45/40/3 11.1 (438) .38 (15) 93.7

45/40/4 11.6 (456) .36 (14) 94.0

45/40/5 9.9 (388) .33 (13) 93.4

_,3 40/40/1.5 1 13.1 (514) 0.56 (22) 81.8

40/40/2 13.3 (524) .36 (14) 82.6

40/40/3 14.2 (559) .51 (20) 86.7

40/40/4 13.0 (512) .79 (31) 89.0

40/40/5 11.7 (461) .56 (22) 89.4

40/40/6 11.0 (433) .56 (22) 90.0

_,4 40/40/1.5 1 12.4 (490) 0.53 (22) 85.2

40/40/2 11.9 (470) .46 (18) 85.4

40/40/2.5 12.9 (506) .61 (24) 87.9

40/40/3 12.0 (472) .56 (22) 89.8

40/40/4 11.3 (443) .53 (21) 90.6

40/40/2.5 2 12.3 (485) 0.41 (16)

40/40/4 11.0 (434) .48 (9)

Diffusivity
measured

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Percent

monoclinic

intensity

1.4

1.1

1.6

1.6

1.7

1.2

1.4

1.4

1.7

Thickness,

cm (mil)

0.016 (6.5)

.0325 (12.8)

.0396 (15.6)

.0427 (16.8)

.0411 (16.2)

0.0373 (14.7)

.0513 (20.2)

.0465 (18.3)

.0452 (17.8)

.0508 (20.0)

.0518 (20.4)

.0444 (17.5)

.0376 (14.8)

.0526 (20.7)

.0478 (18.8)
.0483 (19.0)

.0503 (19.8)

.0523 (20.6)

0.0521 (20.5)

.0508 (20.0)
.0605 (23.8)
.0622 (24.5)
.o541 (21.3)
.0566 (22.3)

.0594 (23.4)

.0508 (20.0)

.0660 (26.0)

.0592 (23.3)

0.0429(16.9)

.0498(19.6)

.0523 (20.6)

.0518(20.4)

.0523(20.6)

.0447 (17.6)

0.0457 (18.0)

.0488(19.2)

.0508(20.0)

.0508(20.0)

.o513 (20.2)

Deposition

efficiency,

percent

8

17

28

32

31

20

31

23

23

35

38

28

24

34

31

32

34

39

38

36

49

47

43

42

49

35

55

47

25

34

37

36

41

34

29

32

36

34

36

92.9 0.0483 (19.0) 35

93.0 .0478 (18.8) 34

aSet designation: (power level, kW)/(percent of tie in Ar)/(powder carriergas flow rate,SLPM (SCFH)).
b vA erage value of nine measurements per specimen.
CAvcragevalue of two specimens measured.

Initial parameter effect study.--Specimens for this por-

tion of the study were grit-blasted, flat stainless steel

substrates coated with a single layer of plasma-sprayed
zirconia-yttria powder as described in Experimental Pro-

cedure. Table III lists processing parameters and various

measured properties for these specimens.
Porosity/bulk density, surface roughness, and x-ray phase

analysis: Values for porosity, roughness, and percent monoclinic

intensity are given in table III. The 95-percent confidence

intervals of these measurements, based on pooled standard

deviations from multiple tests, were --0.7 percent for the

porosity based on 70 pairs of measurements; 0.91 p.m
(-,-36 _in.) for the roughness based on 40 pairs of measure-

ments; and ±0.5 percent for the percent monoclinic inten-

sity based on 10 pairs of measurements. The latter value
is a strong function of the percent intensity and refers to



valuesfor therangegivenin tableIII. Theconfidence
intervalindicatesthatrepeatedmeasurementswouldfall
within thatinterval95percentof thetime.

Figurel(a) showstherelationshipbetweendensityand
powdercarriergasflowrateforfivepowderssprayedusing
anAr-40%Hearcgas(flowrate,24SLPM(51SCFH))at
a 40-kWpowerlevel. Figurel(b) showsdensityversus
powdercarriergasflow ratefor onepowderlot atthree
differentpowerlevelsandarcgasflowrates.Twodifferent
batchesof electrodesarerepresentedin theseplots.The
plotsshowa strongdependencebetweenpowdercarrier
gasflow rateanddensitywithcurveswhichappeartobe
smoothto within the95-percentconfidenceintervalfor
thedensitymeasurements(whichwereestimatedto be
-,-0.7 percent). It is important to note that centerline injection

(defined here as injection that places most of the powder

along the center of the plasma flame) was observed at about
2.5 SLPM (5.3 SCFH). The denser coatings were obtained

when the powder was injected past the centerline (away
from the powder port) whereas the more porous coatings

were obtained with injection less than the centerline (towards

the powder port). In fact, centerline injection appears to be

undesirable because the change in density with increasing
powder gas flow rate is at a maximum at that point. The

figure also shows the large systematic variation in density
that was noted upon switching the anode and cathode from
an old batch to a new one.

Figures 2(a) and (b) show schematically the particle
trajectories expected for low and high powder carrier gas

flow rates, respectively.

The figures show the powder particles exiting the powder

port and entering the flame, which entrains them and

carries them towards the target. The drawing indicates that

the hottest portion of the flame extends comparatively far
from the nozzle, which is characteristic of an Ar-40%He

flame. Furthermore, the drawing is simplified in that tur-

bulent mixing with the atmosphere is not indicated (i.e., it

is based on fig. 2 from Boch et al., 1984 rather than on fig.

11 from Spores and Pfender, 1989). At the low powder

carrier gas flow rate in figure 2(a), the heavier (coarser)

particles are pushed into the flame only as far as the

centerline whereas the lighter (finer) particles do not pen-
etrate as far into or bounce off the viscous Ar-He flame.

These conditions produce a less melted and more porous
coating which deposits mostly above the centerline. At the

high powder carrier gas flow rate in figure 2(b), the lighter
particles are traveling along the centerline whereas the

heavier particles are pushed further through the flame.

These conditions produce more complete melting and shift

most of the deposit to the opposite side of the centerline.

Because a plasma containing zirconia glows with a char-

acteristic yellow color when viewed, the trajectory with

respect to the centerline is easily observed (through pro-

tective glasses). It should be mentioned that this approach

is contrary to convention which favors centerline injection

(Boch et al., 1984; Thorpe and Kratochvil, 1989, fig. 12).

Figures 3(a) and (b) show the relationship between

powder gas flow rate and deposition efficiency. (Deposition

efficiency is defined herein as the percentage by weight of

the powder that deposits on the substrate during that portion

of the time that the torch is aimed at the substrate.) Although

there are potential sources of systematic error in this meas-

urement, such as the effect of unnoticed changes in the

flame orientation which may have caused the particles to

partially miss the substrate, certain observations can be

made from these plots. From figure 3(a), most of the results

from lots A2 to A5 (which are similar lots) fell in a narrow

band, and a small but not precipltous drop in deposition

efficiency occurred with decreasing powder gas flow rate.

For powder lot A1, the falloff may have been more severe.

Also, for lots A2 to A5, the deposition efficiencies obtained

by using the new batch of electrodes tended to exceed those

obtained by using the old electrodes. Figure 3(b) indicates

that the lower enthalpy (45kW), Ar-20% He flame may

have caused a loss in deposition efficiency. Therefore,

although lower enthalpy flames may be used to produce

more porous coatings, there is a deposition efficiency

penalty. On the other hand, using a high enthalpy flame

with a low powder carrier gas flow rate produced a more

porous coating without a significant loss in deposition

efficiency.

Based on table III and figures 1 and 3, a powder carrier

gas flow rate of about 4.5 SLPM (9.5 SCFH) was always

at or near the peak density for a given power-arc gas

combination whereas a SLPM of 1.5 to 2 (3.2 to 4.2 SCFH)

gave a more porous coating while maintaining good depo-
sition efficiency. This observation was considered when

subsequent burner rig specimens were prepared.

The values of the surface roughness in table III are the

averages of nine measurements per specimen. There was

considerable scatter in these measurements (as reported

earlier in this section, the 95-percent confidence inter-

val for the average of nine measurements is -,-0.91 I_m

(±36 pan.)); this variation appeared to have been an indi-
cation of the actual variations in the surface texture rather

than a measurement error. If these mean roughness values

are plotted against the measured porosity (fig.4), there

appears to be a correlation between these two parameters,

which was expected because both properties are related to

particle melting. Regressing the roughness against the

porosity gives the solid line in the figure. (Roughness was

treated as the dependent variable for this regression because

the relative standard deviation for the roughness measurement
is greater for roughness than the relative standard deviation

for the porosity measurement, and conventional regression

techniques assume that only the dependent variable has

error.) The dotted lines represent the 95-percent confidence

interval and the dashed lines the 95-percent prediction

interval. Although the confidence intervals are spaced

narrowly apart (because of the relatively large number of

points), the wide spacing of the prediction interval lines



TABLE IV.--MEASURED 200 °C (400 °F) THERMAL DIFFUSIVITIES ct AND THERMAL

CONDUCTIVITIES k AND ADDITIONAL PERTINENT SPECIMEN DATA

Lot

A2

Parameter

set a

45/20/4

40/40/1.5

4014014

4014014

45/40/4

A3 40/40/4 1

A4 40/40/4 1

40/40/1.5 1

Electrode

set

Substrata

thickness, b

cm (mil)

0.1518 (59.8)

.1483 (58.4)

.1481 (58.3)

.1499 (59.0)

.1529 (60.2)

Ceramic Porosity

thickness, c percent

cm (rail)

0.0470 (18.5) 14.0
.0528 (20.8) 13.8
.0528 (20.8) 10.3
.0554 (21.8) 6.6
.0599 (23.6) 5.2

0.1509 (59.4) .0518 (20.4)

0.1483 (58.4) 0.0521 (20.5)

.1478 (58.2) .0462 (18.2)

11.0

9.4

14.9

Thermal Thermal

conductivity, diffusivity,

k, W/m-*C or,cm2/sec

0.97 0.00364

1.12 .00414

1.13 .00409

.93 .00318

1.01 .00361

1.05 0.00375

1.24 0.00444

1.32 .00499

aSetdesignation:(l_wer level, kW)/(percentof He in Ar)/(powder cartiergasflow rate,SLPM).
bValuemeasured for theactual specimen beinganalyzed.

CValueattained after |he coating was smoolhed to ~ 4 k_m(~100 _.in.)with SiC paper.

indicates that the errors in the measurement of roughness

preclude the possibility of using roughness as a measure of

porosity. However, it is possible that another roughness

measurement approach, such as an optical technique, may

be able to rapidly measure roughness over a wide area with

a lower standard deviation. If so, such a technique could

possibly provide an indication of the porosity from surface
roughness.

Figure 5 presents the percent theoretical density versus

the deposition efficiency (fig. 5(a)) and the percent mono-

clinic intensity (fig. 5(b)). Figure 5(a) shows a positive

correlation and figure 5(b) shows what appears to be a

negative correlation. These trends were anticipated be-

cause more complete melting leads to higher density, higher
deposition efficiency, and a lower percentage of the mono-

clinic phase. However, the scatter is too great to make

practical use of either of these plots.

Figure 6 is a typical x-ray diffraction pattern from the

(400) region. These plots indicate that the plasma-sprayed

coatings are primarily the tetragonal phase (believed to be

the t'-nontransformable tetragonal phase) plus, possibly,

small amounts of the cubic phase. The t'-phase is believed

to be quite stable at temperatures below about 1200 °C

(2190 °F) (Miller et al., 1981).

Thermal diffusivities, heat capacities, and thermal
conductivities: The specimens selected for the thermal

diffusivity measurements are noted in table III. Additional

information is given in table IV. All specimens noted in

this table were measured while they were attached to

approximately 0.15-cm- (0.060-in.-) thick stainless steel

substrates. (As will be discussed later, this choice of substrate

material is believed to have affected the coating microstructure

and properties.) Thermal diffusivities of the coating-substrate
combinations and of the substrate alone were measured

from room temperature to 1200 °C (2190 °F) and then back

again to room temperature. Heat capacities Cp were meas-

ured from room temperature to 600 °C (1110 °F) and were

then extrapolated by the contractor to higher temperatures.

The thickness is the value attained after the coating was

smoothed to about 4 i_m (100 txin.) by using SiC paper. The
porosities noted in table IV refer to the values measured for

the actual specimens being analyzed whereas the values in

table III are the average of two specimens.

Figure 7(a) shows the heat capacities measured for the

eight zirconia-yttria specimens, and figure 7(b) shows a

regression fit with the associated 95-percent confidence

intervals. The responses for all the specimens were similar,

which was not surprising because all eight of these coatings

were prepared from the closely related lots A2 to A4. They
differed only by structure, which should have a minimal

effect on the heat capacity. However, note that the curves

begin to diverge at temperatures between 400 and 600 °C

(750 and 1110 °F). If this divergence were to be reflected

in the extrapolated heat capacities, a systematic error may

be introduced in the conversion from thermal diffusivity to

thermal conductivity at high temperatures.

The effects of heating and cooling on the measured

thermal diffusivities are shown in figures 8(a) and (b),

respectively. Note that in figure 8(a) the measured diffu-

sivities generally decrease between 23 and 800 °C (73 and
1470 °F) although the behavior between 23 and 100 °C

(73 and 210 °F) is erratic. The curves then level off

between 800 and 1200 °C (1470 and 2190 °F). On cooling
(fig. 8(b)), the values tend to decrease between 1200 and

800 °C (2190 and 1470 °F) and generally increase between

800 °C(1470 °F)and room temperature. Thermal conductivities

k are plotted in figures 9(a) and (b). The contractor calculated

these values by using k = CtCpp, the contractor-measured
diffusivities ct, the contractor-measured and extrapolated

heat capacities Cp, and the NASA-measured densities. On
first heating (fig. 9(a)), the thermal conductivities tended

to rise to a maximum value at 200 °C (400 °F), to fall rather



rapidlyat 400 °C (750 °F), and to level off at intermediate

temperatures until they rose somewhat at higher temperatures.

On cooling (fig. 9(b)), the conductivities tended to drop at

1200 to about 700 °C (2190 to 1290 °F) and were fairly

level until 200 °C (400 °F). Below 200 °C (400 °F),

the behavior was erratic. The hump observed at 200 °C

(400 °F) on heating was not evident on cooling.

The most striking feature of the plots in figures 8 and 9

is that the expected sharp decrease in conductivity and

diffusivity with increasing porosity is not apparent, nor

is it apparent in figures 10(a) and (b) where the 200 °C

(400 °F) thermal diffusivities (a) and the 200 °C (400 °F)

thermal conductivities measured both on heating and cool-

ing (b) are plotted against the percent porosity.

An inspection of figures 8 to 10 not only fails to show

the sharply downward trend expected but instead reveals

that it appears to be slightly upward although the scatter

in the data prevents statistical confirmation of this hypothesis.

Figure 11 provides a probable explanation for the apparent

discrepancyjustdiscussed. Figure 11 (top) is aphotomicrograph

of one of the denser coatings, and figure 11 (bottom) is a

photomicrograph of one of the more porous coatings. These

photomicrographs were carefully prepared by a process

that includes vacuum infiltration of the epoxy mounting

media (Brindley and Leonhardt, 1990). These figures show

that, although there are many pores in the more porous

coating, more microcracking occurred in the denser coating

and the microcracks were wider. Microcracking is known
to lower thermal conductivity (Hasselman, 1978); therefore,

it is possible for the thermal resistance of the denser more

microcracked coatings to be comparable to the resistance

of porous coatings.

The high thermal expansion of stainless steel at low

temperatures may have had a strong influence on the

amount of microcracking observed in these specimens. For

example, the mean coefficient of thermal expansion (CTE)

for 304 stainless steel from 0 to 100 °C (32 to 210 °F) is

17 _xm/m-°C (9 Ixin./in.-°F) (Metals Handbook, 1987)

compared to about 12 txm/m-°C (7 la.in./in.-°F) from room

temperature to 100 °C (210 °F) for typical superalloys and

bond coats (DiMasi et al, 1989; High Temperature-High

Strength Nickel Base Alloys, 1984). Since the CTE value

for the zirconia-yttria layer is about 10 Ixm/m-°C (6 g, in./

in.-°F) (DiMasi et al., 1989), the difference in CTE at

100 "C (210 °F) between a zirconia-yttria coating and a

stainless steel substrate is 3.5 times larger than the differ-

ence for the same coating on a superalloy substrate.

Microcracking, as influenced by the thermal expansion
mismatch stresses between the stainless steel substrate and

the ceramic, may also explain the general features of

figures 8 and 9. If one assumes that the "stress-free tem-

perature" (Sevcik and Stoner, 1978) is a few hundred

degrees centigrade in the as-sprayed coating, then the

thermal expansion mismatch stresses will be minimal at

that temperature. This condition could have led to a mini-

mum in the extent of cracking at the stress-free temperature

and therefore may explain the maximum in the thermal
conductivities observed at about 200 °C (400 °F). When

the specimen is heated to 1200 °C (2190 °F), the stress-free

temperature should increase to that temperature because of

the relaxation of the substrate, but on gradual cooling the

stress-free temperature should drop again until the yield

stress of the substrate becomes sufficiently large to prevent

further decrease. At that point the conductivities should

begin to rise upon further cooling. The heating-cooling

cycle should lead to wider microcracking and result in
lower conductivities.

The thermal diffusivity of two of these specimens was
remeasured after the ceramic was removed from the sub-

strate (by heating in hydrochloric acid). One ceramic was

the most dense and the other was one of the more porous.

In both cases, the measured value increased by 15 percent

so that the diffusivity of the more porous ceramic still
exceeded that of the more dense ceramic. This result was

not surprising because the microcrack network set up while
the ceramic was attached to the substrate remained after its

removal. The higher diffusivities measured after the re-
moval could have resulted from a decrease in the crack

displacement after the ceramic was removed from the

substrate; however, the magnitude of the effect is probably

within experimental error.

Durability of thermal barrier coating systems prepared

from zirconia-yttria lots AI to A5.--This portion of the

report describes the characterization and durability testing

of zirconia-yttria thermal-barrier-coated test specimens.

These specimens were cyclindical superalloy substrates

with a thin thermal-barrier-coating system. This system

consisted of a layer of low-pressure, plasma-sprayed me-

tallic bond coat and a layer of atmospheric pressure, plasma-

sprayed zirconia-yttria ceramic, with starting materials

and spray parameters selected from the section Chemis-
tries and particle size distributions for the powder lots.

Companion specimens of the type described in this section

were also prepared immediately before or immediately

after the preparation of each set of durability specimens.

These companion specimens were used to obtain measure-

ments of the density and other properties of the coating.

Preparation of durability specimen: The coated cylin-

drical test specimens were prepared by using the materials

and equipment discussed in the Experimental Procedure
section; the parameters were selected from the section

Initial parameter effect study. Four sets of parameters

were selected and are designated 40/40/4.5, 55/20/4.5,

45/20/4.5, and 45/20/1.5, which designations refer to the

power level in kilowatts; the percent of He in Ar; and

the powder carrier gas flow rate in SLPM, respectively.

The first three sets were used to spray all five lots of

powder. The fourth set was only used for lot A2. The

specimens were rotated at 360 rpm, and the traverse speed

was 1.0 cm/sec (0.4in./sec); thus, the narrow, atmospheric



TABLE V.--ZIRCONIA-YTTRIA DURABILITY TEST DATA

Nominal powder

composition

Lot Parameter Roughness, Ra, Density, Order

set a _m (l_in.) percent

Test life, cycles

Rig 1 Rig 2

Zr02- 7Y203 A1 40/20/4.5 10.8 (424) ....

45/20/4.5 11.0 (432) 94.5

55/20/4.5 10.1 (397) 95.7

40/40/4.5 9.3 (366) 96.7

- 138

..... 106

1 394

2 246

1 .... 213

2 374 ....

1 .... 410

2 509 ....

ZrO2-8Y203 A2 40/40/1.5 14.3 (563) 90.2

45/20/4.5 13.2 (518) 88.0

55/20/4.5 11.1 (438) 94.4

40/40/4.5 11.4 (447) 96.1

1

2

1 ....

2 ....

1 ....

2 ....

1 ....

2 ....

957

553

477

475

831

576

743

466

A3 45/20/4.5 12.2 (482) 87.6

55/20/4.5 12.5 (494) 92.4

40/40/4.5 12.6 (497) 93.6

1003

1096

1215

873

1057

823

887

799

A4 45/20/4.5 11.9 (470) 90.2

55/20/4.5 11.2 (441) 94.5

40/40/4.5 11.7 (461) 94.6

975

542

687

911

1174

1112

883

599

A5 45/20/4.5 13.2 (518) 89.7

55/20/4.5 13.5 (530) 90.0

40/40/4.5 11.3 (446) 95.0

1

2 1197

1 ....

2 1214

1

2

aSet designation: (power level, kW)/(pcrcent of He in At)/(powder carrier gas flow rate, SLPM).

pressure, plasma-sprayed plume effectively traversed the

specimen at 25 cm/sec (10 in./sec). The zirconia powder

was fed in by using a closed-loop powder hopper typically

at 15 g/min (0.33 lbm/min) so as to maintain about a

0.0025-cm (0.001-in.) deposit thickness per pass. The

Waspaloy specimens were not pre-heated prior to the

plasma spray deposition of the ceramic.

Two cylindrical specimens and two companion speci-
mens of the type described in the section lnitialparameter

effect study were prepared for each parameter set. All bond

coats and all ceramic layers were sprayed on consecutive

days in the two rigs.

Density�porosity, roughness for companion coupons of

the burner rig specimens: The companion specimens were

approximately 1.3- by 5.1- by 0.16-cm (0.5- by 2- by

0.06-in.) stainless steel coupons which were grit blasted on
one side and coated two at a time immediately before or

immediately after the durability specimens were prepared.
The results of these measurements are included in table V.

Burner Rig Durability Study

Brief description of burner rig test.--The specimens

were tested in the four-specimen carousel shown in figure

12. Figure 13 shows the surface response of the coated

specimens as measured by an infrared pyrometer. The

effective time at maximum temperature for each cycle was

4.0 min. During testing, the specimen temperatures were

read using a disappearing-filament pyrometer that was
calibrated against a thermocouple spindle specimen. The



spindlespecimenwasacylinderwith a 1.3-cm(0.5-in.)
diameterin thehotzoneregionanda0.3-cm(0.12-in.)
diameteroutsidethe hot zone.Thethermocouplewas
placedin a 0.13-cm-(0.053-in.-)diameterlongitudinal
well just underthesurfaceof thewideportionof the
specimen.Therotatingspindlespecimenwasheatedtothe
desiredtemperatureintheburnerrigflame,anditstemperature
wasreadwith thedisappearing-filamentpyrometer.The
pyrometerwasaimedatapointthatwasabout60°downstream
fromtheburnerrig, whichpreventsinterferencedueto
reflectionsfromthehotrig.Intheactualtestspecimen,the
diameterwasconstantovertheentirelength;therefore,
therecouldbeasmallgradientacrossthethermalbarrier
coatingsystem.Noattemptwasmadeto experimentally
determinewhetherornottherewasasmallgradientbecause
experimentalconfirmationwouldhavebeenquitedifficult.

Failurewasconsideredto be the first indicationof
spallingor blisteringwitha ruptureof theceramic.

Durability test results.--The durability test results for

the zirconia-yttria/Ni-35%Cr-5%Al-1%Y specimens are

given in table V. For most lots, specimens were prepared

by using three sets of parameters, which led to three
structures, or three "densities." (The use of the term den-

sity to express structure is, of course, an oversimplifica-

tion. However, precisely measured densities supported by

high-quality photomicrographs can be used to reliably and

quantitatively represent the coating structure.) The short-
hand notation described in the section Preparation of

durability specimen is used to identify the different sets of

parameters in table V. For example, the notation 40/40/4.5

refers to 40-kW power, Ar-40%He arc gas, and 4.5 SLPM

(9.5 SCFH) powder carrier gas rate.

Test lives are given in the last two columns of table V.

These columns indicate in which of two burner rigs each

specimen was tested. Test lives are the number of cycles

until the ceramic layer spalled or at least blistered and

cracked. Failure morphologies were similar to those de-

scribed in Brindley and Miller (1990) for the ZrO2-8%Y203/
Ni-35%Cr-5%AI-l%Y durability test specimens. That is,

failure occurred by delamination in the ceramic at or near
the interface with the bond coat. The Order column indi-

cates whether the specimen is the first or second sprayed

of the two replicates.

An inspection of table V reveals that there were 11 cases

in which one specimen was tested in rig 1 whereas its

replicate was tested in rig 2. In all 11 cases, the specimen

tested in rig 1 lasted longer than the one tested in rig 2. For

a random process, the probability that one or the other rig
would yield longer test lives in 11 out of 11 cases is 1 in

211-1 or 0.1 percent. Therefore, a systematic trend was

suspected. In six other cases, replicates were tested in the

same rig. In all six cases, the specimen prepared first lasted

longer than the specimen prepared second (although in one

case they were nearly equal). This result again suggested

a systematic trend due to an unplanned variable.

In figure 14(a), the burner rig lives of specimens from
lots A2 to A5 are plotted (without regard to rig or spray

order) against the density that was measured on the com-

panion coupons. Only lots A2 to A5 are included because
these spray powders were very similar and were all ex-

pected to respond similarly to the planned and unplanned
variables. However no conclusions about the effects of the

variables lot and density can be drawn from figure 14(a).

The effects of the variables began to emerge when the same

data were replotted in figures 14(b) and (c). In figure 14(b),

only the second specimen sprayed was plotted; the results

obtained for specimens tested in rig 1 were plotted with a

solid symbol whereas those obtained for specimens tested

in rig 2 were plotted with open symbols. Now each set of

points is seen to reside in a narrow band with a possible
maximum near the mean density. In figure 14(c), the rig 2

test life of the first specimen sprayed for each of the

specimens from lot A2 to A5 was plotted against density.

Fortunately, this plot included a specimen from each pa-

rameter set. The plot again showed a rather narrow band

of responses with a possible maximum in life near the

center of the density range. The single point in parenthesis

represents the one specimen from spray order 1 whose test

life was not appreciably longer than the specimen from

spray order 2, both having been tested in the same rig.

An inspection of figures 14(b) and (c) provides important

insights into the effects of the unplanned variables (rig and

spray order) and the planned variables (density and lot).
Statistical analysis of the zirconia-yttria burner rig

data.--Although the effects of spray order and test rig

complicated the interpretation of the data in table V, it was

still possible to statistically analyze the data in a manner

that provided estimates of the effects of lot, density, and

rig. First, in the same manner that figure 14(a) was broken

into figures 14(b) and (c), the data were divided into two

groups according to spray order.

In the first case (as seen in fig. 14(b)), the data were
treated as a randomized block plan with missing data

having the variables lot and rig and the covariables density

and the square of density. The density terms were treated
as covariates because they could not be precisely con-

trolled. (It should be mentioned that the use of covariates

is very common in the social sciences but less common

though not unknown in engineering (Mason et al., 1989).)

The conventional assumption employed was that the effect
of the covariates was the same for each of the lots. Lot A1

was not included in the analysis because its covariate effect

appeared to be different from the others. The dependent
variable for this analysis was the log of the coating life. The

log transformation improved the distribution of the residu-

als and generally improved the fit. The relatively high

values of the F-statistic and the corresponding low values

of the probability p are evidence that the effects of rig,

density, and density squared are statistically significant at

the p < 0.05 level. The difference between the mean log



of thelivesof specimensin thetworigswas0.274witha
95-percentleastsignificantinterval(Masonetal.,1989)of
±0.071.Thisdifferencecorrespondsto anincreasein life
of 1.9timesin rig1overrig2.Thedifferencebetweenthe
fourlotsofmateriatwasnotsignificantatthep < 0.05 level

but was significant at a more relaxed p < 0.10 level. Figure

15(a) shows on a linear scale the means for the four lots

and the 95-percent confidence intervals obtained from the

analysis after the rig variable and density covariates were
accounted for.

In the second case (as seen in fig. 14(c)), the data

corresponding to spray order 1 and rig 2 were analyzed. For

this analysis, the one suspicious point at lot A2 (88 percent

density, 477 cycles) was discarded. This is the only point

representing the first specimen sprayed that did not survive

significantly longer than the second one sprayed, even

though both were tested in the same rig. The one indepen-

dent variable for this analysis was the lot whereas the

density and the density squared were the covariates. As

discussed above, the lot effect was not significant at the

p < 0.05 level although p is less than 0.10. The probabili-

ties associated with the density covariates were each about
0.10. In fact, a better fit was obtained for a single linear

covariate because of the preponderance of data at higher

densities. Nevertheless, the squared term was retained

because of expectations based on historical precedents

(Stecura, 1985). Figurel5(b) shows the means and confi-
dence intervals for the four lots.

Photomicrographs of specimens from lot A2.--Figures

16(a) to (f) present photomicrographs of six of the eight

specimens from lot A2. Shown are sections taken from near

the base of the test specimens for the as-sprayed microstructure

and in the hot zone of specimens after failure. For the as-

sprayed microstructure sections, the ceramic was thin because

the thickness of this layer was tapered from near the hot
zone to each end. The sections from the hot zone after

failure had features similar to those reported previously

(Miller and Leissler, 1992; Brindley and Miller, 1990;

DiMasi et al., 1989). The bond coat layers of the as-

sprayed specimens were relatively dense although not free

of porosity. "l-his porosity coarsens and was observed primarily

at the interface after testing. (The specimen in fig. 16(d),

as-sprayed, was an exception in that it appeared to have

been exposed to an elevated temperature.) After the test,

a thin, thermally grown oxide layer was observed at the
ceramic-bond coat interface in the hot zone with occasional

stringers into the bond coat. This layer was expected to be

alumina for this bond coat alloy; the precipitates in the

bond coat after exposure are oL-Cr (Brindley and Miller,

1990). A chromium depletion zone was apparent near the
interface with the substrate but not at the interface with the

oxide. The zirconia-yttria layer was rather porous, exhibiting

a variety of pore sizes and microcracks. The as-sprayed

structure for the denser specimen in figure 16(f, top) appeared

to have fewer pores than the other as-sprayed micrographs.

The correlation between measured porosity and appearance

was more difficult to judge in the other micrographs of

figure 16. The failure morphology was typical of other

high-quality, plasma-sprayed thermal barrier coatings where

failure occurs by delamination within the zirconia-yttria

ceramic layer near the interface with the bond coat. Any
difference between the first and second specimens sprayed

was not apparent.

Summary of Results

High-precision (i.e., low random error) density mea-

surements may be made by using the Archimedes method.

The measurements should be made on coupons that are

similar to the specimen substrate and are prepared at ap-

proximately the same time as the test specimens. Such
measurements may be used as an aid to optimization, as a

daily quality control check, and as a guide to make frequent

adjustments to the spray parameters. Because surface roughness

causes a large systematic error, an empirical correction
may be applied to correct for this error although perform-

ing the density measurements in a soft vacuum would be
preferable.

Varying the powder gas flow rate proved to be an effec-

tive way to manipulate the density. Low flow rates which
caused the powder to remain above the centerline produced

less dense coatings, especially if the finer particles were

removed from the starting powder. High flow rates for
injection past the centerline yielded the densest coatings.

Centerline injection was not preferred because that condi-

tion caused the greatest uncertainty in coating density.

There appeared to be a relationship between density/
porosity and roughness. This relationship could possibly

be employed for routine quality control but would only be
practical if a rapid and precise surface roughness measure-

ment method could be used (e.g., an optical approach). The
deposition efficiency was proportional to the density, and

the percent monoclinic intensity in the as-sprayed, par-

tially stabilized zirconia was inversely proportional to the
density. However, considerable scatter was associated with

these two relationships.

Using infrared pyrometry to monitor the surface tem-

perature during deposition was an effective way to manage

the residual stress during processing. Video thickness moni-
toring during plasma spray deposition was an effective way

to measure the thickness of both cylindrical burner rig

specimens and flat density specimens.

A four-specimen burner rig rotating carousel, in con-
junction with video monitoring, worked well to identify

the cycle during which spalling occurred. Solid specimens

of a low-cost superalloy (such as Waspaloy) were accept-

able substrates for this type of study. Considerable rig-to-
rig variability was noted. Also, with this data, the first

specimen prepared consistently outperformed the second.

Modifying the spray powder by sieving did not notice-
ably effect the coating performance after allowing for
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densitydifferences.Also,theeffectof ceramic layer den-

sity (spray parameter) variations on the thermal-barrier-

coating system life for the specimens prepared from the

various powders provided by the same vendor for Part I

was relatively minor over the range of densities investi-

gated. However, as will be discussed in Part II, the effects

of ceramic layer density and the spray parameter variations

were major for powders prepared by another vendor. This

result was the same for both a zirconia-yttria powder that

was prepared in accordance with an engine company's

specifications and for hafnia-yttria powders that were pre-

pared to NASA specifications. The reason for this differ-

ence is not apparent; there is no obvious correlation between

particle size distribution or chemistry.

Lots of zirconia-yttria recently obtained from the vendor

have a much lower percentage of the monoclinic phase in

both the starting powder and the as-sprayed powder than

older lots such as A1. The newer lots are possibly more

homogeneous "alloys." Also, the burner rig lives of the

newer lots were longer than those of the older lot.

The following observations were made from the mea-

surements of thermophysical properties of the specimens:

(1) The heat capacity curves for the eight similar zirco-

nia-yttria thermal barrier coatings agreed well but the

values extrapolated beyond 600 °C (1110 °F) may deviate,
which would affect the calculations to convert thermal

diffusivity to thermal conductivity.

(2) Thermal diffusivity and, to a somewhat lesser ex-

tent, thermal conductivity tended to increase with increas-

ing porosity. This result was unexpected and believed to
have been caused by increased in-plane microcracking in

the denser coatings (the stainless steel substrate may have

influenced the amount of microcracking because of its

relatively high thermal expansion at lower temperatures).

(3) A maximum in the thermal conductivity curves was

observed at 200 °C (400 °F) on heating. The conductivity
fell off at higher temperatures until about 500 °C (930 °F).

The thermal diffusivity curves also fell off above the

maximum which tended to occur at room temperature or

100 °C (210 °F). Upon cooling, the thermal conductivity

curves fell off rapidly from the maximum at 1200 °C

(2190 °F) down to about 800 °C (1470 °F), then gradually

rose until 200 °C (400 °F). The response below 200 °C

(400 °F) was variable. Similar behavior upon cooling was

observed with the thermal diffusivity plots. These curves

may have been influenced by the AaAT stress. For both

thermal diffusivity and conductivity, the cooling curves

were displaced towards lower values, which was probably

caused by delamination cracking near the ceramic-stain-
less steel interface.

Conclusions

The commercial plasma spray powder routinely used at

the NASA Lewis Research Center appears to be an acceptable

reference baseline material based on its performance in

burner rigs and on its relative insensitivity to spray parameter

variations. However, the use of other types of zirconia-

yttria powders as a baseline material is not precluded.

Making ceramic layer density measurements on speci-

mens prepared simultaneously with the test specimens is

a useful technique for characterizing coatings under devel-

opment and for quality control. The technique is precise

and fairly rapid and may be used, for example, to monitor

electrode degradation and the effect of electrode replace-

ment. In fact, it may be advisable to alter spray parameters

to adjust for such variations. These physical measurements

should be supplemented by frequent carefully prepared

metallographic cross sections.

Adjusting the feed gas flow rate is an effective way to
control the bulk density of the coating, and it would lend

itself well to density grading.

The thermal diffusivity/thermal conductivity may be

strongly influenced by the choice of substrate. Substrates

with higher thermal expansions may cause more microcracking,

which leads to lower than expected diffusivity/conductiv-

ity for dense coatings.

Finally, these experiments demonstrated the value of

using statistical analysis to quantify experimental results
that will be used in decision making. Also demonstrated is

the importance of conducting designed experiments to

eliminate undesired effects such as rig-to-rig and carousel-

to-carousel variability.

Lewis Research Center

National Aeronautics and Space Administration
Cleveland, Ohio

September 10, 1992
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Appendix--Archimedes Bulk Density Measurements

This appendix describes a relatively quick and precise

method for measuring the bulk density of plasma-sprayed

ceramic coatings. The method is fast enough to be used as

a routine inspection technique and precise enough to per-

form measurements on coatings that are attached to the
substrate.

Although many approaches are available for making

bulk density measurements, it is difficult to precisely

measure bulk density on thin coatings (Van Roode and

Beardsley, 1988). For this study, we selected the Archimedes

method which determines the buoyancy of a specimen that

is entirely immersed in mercury.

Figure 17 schematically shows the porosity measure-

ment apparatus. The coated spccimen in the figure is an

approximately 1.3- by 5.1- by 0.16-cm- (0.5- by 2- by

0.06-in.-) stainless steel substratc coated with at least 0.05

cm (0.020 in.) of the ceramic. Thc substrate is grit blasted

on one side, weighed to the nearest milligram prior to the

coating application, and then weighed again aftcr the coat-

ing application. A bond coat is not used. A thin push rod

is then glued to the spccimen by using cyanoacrylate.

Mercury is placed in a 3.8-cm- (l.5-in.-) diameter con-

tainer to a depth of at least 7.5 cm (3 in.). The container

plus the mercury (weighing about 1.2 kg (2.61 Ibm)) is

placed on a high-tare-capacity balance that is able to

measure to an accuracy of +0.01 g (0.00035 oz). The push
rod and the attached specimen arc then attached to a rigid

support. In the apparatus of figure 16, the support is simply

a thin metal tube inserted in a rubber stopper, which in turn

sits in a hole drillcd in a metal plate. A bcnd in the push

rod allows the tubc to support the push-rod-specimen

asscmblagc.

Because the rod is rigidly supported from above, the

upward force duc to the buoyancy is transmitted to the

tared balance. The contribution to the buoyancy from the

push rod is measured by inserting the rod a fixed distance

into the mercury while it is attached to the substrate and

then removing it from the substrate and inserting it to thc

same depth. Subtracting the sceond reading from the first

gives the buoyancy of the specimen only.

The density of the mercury is obtained from standard

tables. Alternatively, the following expression fits the

standard values near room temperature:

Pits: = 13.5952 - 0.002450 T

where Pne is the density in grams pcr cubic ccntimeter of
mercury at tcmpcraturc in Celsius.

The overall (or total) density of the substrate plus the
ceramic is

[3T = (B T -- BpR)[PHg

where PT is the overall density in grams per cubic centi-

meter, Bris the buoyancy of the substrate, ceramic, and the

immersed portion of the push rod, and Bt, R is the buoyancy

of the push rod. Both buoyancy terms are in grams.

The density of the ceramic is found by considering that

the total volume V,r equals the sum of the substrate and
ceramic volumes:

V T = V S + V C

or

(M/p) T = (M/p) s + (M/p) c

where M is the mass in grams of the total system, the

substrate, and the ceramic, respectively. Therefore, if the

density of the substrate has been measured independently,

then the ceramic density may be calculated from the mea-

sured substrate mass, the total mass, the buoyancy of the

specimen plus the push rod, the buoyancy of the push rod

alone, and the temperature of the mercury.

Unfortunately there is a significant systematic error in

the value of the ceramic layer density measured by this

technique unless the measurement is performed in a soft
vacuum. The error is attributed to the air that is trapped in

the surface roughness of the ceramic (see fig. VII-8 in
Adamson, 1976). The measurements discussed herein were

not conducted in a vacuum and therefore an empirical

correction based on the measured surface roughness was

applied. This correction factor was obtained by measuring

the values of Pc for coatings of varying thicknesses on the
standard stainless steel substrates. If one assumes that the

structure does not change with thickness, then the plot of

the reciprocal of the uncorrected density versus the rough-
ness leads to a correction factor of the form

pclel(t' - 13Ra)]PC,UNCORRECTED

where /? is the thickness of the ceramic layer, 13 is an

empirical constant, and Ra is the surface roughness. If e

and 13are expressed in the same units, then the value of 13
is between about 1.5 and 2.0. The value 1.5 was used for

the study reported herein.
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